Background: Reported negative ileal and total tract dietary fiber (DF) digestibility values are physiologically untenable and
Introduction
The amount and composition of dietary fiber (DF) 3 vary widely both among and within foods (1) . The techniques most commonly used to determine the fiber content of foods and feeds include gravimetric methods such as those based on sequential extraction with neutral and acid solutions (e.g., neutral detergent fiber) (2) or enzymatic breakdown-ethanol precipitation [e.g., total DF (TDF)] (3) and methods based on the determination of the monomeric units of DF (4, 5) . These techniques, although not necessarily designed to do so, are also used to determine the fiber content in digesta or fecal samples for determining the extent to which fiber is digested (by fermentation) in the gastrointestinal tract (6) (7) (8) (9) (10) (11) .
Investigating the digestibility and fermentation of DF has gained more attention in recent years because of a growing recognition of the positive (e.g., SCFA production) and negative (e.g., impaired nutrient digestion) effects of DF. Both in vivo and in vitro models are used to investigate DF digestibility (12) (13) (14) (15) (16) . Interestingly, many in vivo studies, with monogastric farm and companion animals and humans subjects, report negative values when determining digestibility along the gastrointestinal tract by using the Prosky (7, 10, 11) ,Van Soest (9, 17) or monomeric (6, (18) (19) (20) (21) (22) (23) methods. Negative fiber digestibility values are not possible physiologically which suggests the presence of nondietary endogenous material in the gastrointestinal contents that interferes with the analysis of DF. Bacteria and mucins (and possibly other gut endogenous compounds), which are main constituents of the nondietary fraction of digesta (24, 25) , contain some of the same sugar residues (e.g., fucose, galactose, mannose) that are present in DF (5, 18, (26) (27) (28) (29) and components that may be resistant to proteases. When gravimetric methods (e.g., Van Soest or Prosky methods) are used to determine the fiber content of defatted samples of digesta or feces, the extracted fiber fractions are corrected for any remaining crude protein and ash, but the corrected fiber fractions may still contain sugars derived from bacterial and mucin origin. Despite this, few studies consider the possibility that nondietary materials found in ileal digesta and feces (e.g., mucins, bacteria) interfere with the determination of fiber, and the impact that such interfering material (IM) may have on the determination of fiber digestibility in vivo. Nyman and Asp (30) fed fiber-free diets to growing rats and determined the amount of fiber monomers (the basal IM) in the feces. Similarly, Carré and Leclercq (31) determined an amount of IM in the excreta of adult cockerels. The amounts of IM determined in these studies were substantial in magnitude, such as to influence the determined coefficients of DF digestibility.
The aim of this study was to determine the amounts of IM in ileal digesta and feces when the Prosky method for determining fiber (3) was applied to ileal digesta and feces obtained from pigs fed a fiber-free diet after a previous adaptation to DF. The impact of the IM on estimates of the digestibility of DF was also assessed to demonstrate the importance of correcting for the IM. Kiwifruit fiber (KFF) was chosen for study, based on previously observed negative ileal DF digestibilities (Prosky method) for green (Actinidia deliciosa cv. Hayward) and gold (Actinidia chinensis cv. Hort16A) kiwifruit in growing pigs (32) . Kiwifruit contains high amounts of both soluble and insoluble fiber (33) .
Methods
Animals and housing. Ethics approval for the study was obtained from the Animal Ethics Committee, Massey University, Palmerston North, New Zealand. Fourteen entire growing male pigs (PIC Camborough 46 3 PICboar 356L) [mean 6 SE body weight (BW): 41.4 6 0.80 kg] were housed individually in metabolism crates (1.5 3 1.5 m) in a room maintained at 21°C 6 2°C with a 10 h/14 h light/dark cycle. Each pen was equipped with a feeder and a bowl drinker. Pigs were surgically modified by the implantation of ileal cannulas to permit ileal digesta sampling over the experimental period (34, 35) . They were adapted to their environment and diet (adaptation period) for 8 d before surgery, and then simple T-cannulas were surgically implanted into each pig at the terminal ileum ;15 cm anterior to the ileocecal junction. After surgery, the pigs underwent a 9-d postoperative care program.
Dietary treatments. A semisynthetic fiber-free (basal) diet and 2 semisynthetic experimental diets that contained either ;25 or 50 g TDF/kg dry matter (DM) (3) added in the form of freshly peeled green kiwifruit (Actinidia deliciosa cv. Hayward) were formulated to meet the nutrient requirements of the growing pig as prescribed by the National Research Council (36) ( Table 1 ). The daily ration was 90 g DM/kg metabolic BW (BW 0.75 ) per day and was given to the pigs as 2 equal-sized meals at 0900 and 1600. During the experimental period, the daily ration was adjusted every week on the basis of the pigÕs BW. Kiwifruit (freshly peeled and crushed and with a ripeness of 0.5-0.8 kg-force) was added to the experimental diets just before each meal.
Experimental design. The 2 kiwifruit-containing diets (25 or 50 g TDF/kg DM) were randomly allocated to the pigs such that there were 7 pigs per treatment. The pigs were first fed the kiwifruit diets for 44 d to ensure complete adaptation to the KFF. Then, all 14 pigs were fed a fiber-free diet for 7 d, and at the end of this period the amount of IM present in the ileal digesta or feces was quantified by subjecting the ileal digesta and feces samples to chemical analysis by using the method of Prosky et al. (3) .
To determine the digestibility of the KFF, fecal samples were collected on days 42 and 43 of the KFF period, and ileal digesta were collected on days 43 and 44. Fresh fecal samples were collected with the grab sampling method after anal stimulation and were immediately transferred into plastic bags and frozen immediately at 220°C. During the ileal collection period, ileal digesta were continuously collected from each pig during each day over a 6-h period, starting 1 h after feeding. Ileal digesta samples were collected into plastic bags that were attached to the cannula of each pig. Plastic bags were changed every 30 min and then frozen immediately to minimize further digestion. Each time a digesta collection bag was removed, the contents were pooled with the frozen digesta collected previously for the same animal and collection period (37) . On day 45, all of the pigs (mean BW: 104.8 6 3.93 kg) were fed the fiber-free diet at a constant food intake for 7 d (fiber-free period). During this period, fecal samples were collected on the fifth and sixth days (i.e., on day 49 and 50), and ileal digesta were collected on the sixth and seventh days (i.e., on day 50 and 51) as described above.
Fractionation of the ileal digesta and feces into microbial and mucin fractions. Freeze-dried ileal digesta and feces collected during the fiber-free period were pooled across pigs within each treatment group because there was insufficient material collected to allow the fractionation to be conducted on each pig individually. Pooled samples were reconstituted in saline solution (0.15 mol/L, 1:20, wt:vol at room temperature) and fractionated by centrifugation (14,500 g for 30 min at 4°C) (24, 25) . The precipitate from the ileal digesta contains mainly microbial cells, host cells, other cellular debris, and food particles (24, 25) , whereas in feces it is expected to be mainly microbial cells (27) . Because microbial cells are likely the main constituent of the precipitate, this fraction is defined as the crude microbial fraction. The supernatant fluid was mixed with ethanol (1:1.5, vol:vol, at 0°C) and kept overnight at 220°C to obtain the crude mucin precipitate (1400 g for 10 min at 4°C ) (38) . The crude microbial and crude mucin precipitates were freezedried, weighed, and kept at 220°C until further analysis.
Chemical analysis. The diets were analyzed in duplicate for DM, ash, nitrogen (using an elemental analyzer LECO), ether extract (using a Soxhlet apparatus and petroleum ether extraction), starch (Kit AA/ AMG; Megazyme) (39), gross energy (LECO AC-350 Automatic Calorimeter), soluble DF (SDF), insoluble DF (IDF), TDF (3), and titanium dioxide (40) . Ileal digesta and feces were analyzed for DM and titanium dioxide and were subjected to the Prosky method to determine values for the SDF, IDF, and TDF fractions. Ileal digesta were analyzed for starch. The ileal and fecal crude microbial and mucin fractions were also analyzed for DM and ash and were subjected to the Prosky method to determine values that pertained to the SDF and IDF fractions.
Calculations and statistical analysis. Total ileal and fecal flows of SDF, IDF, and TDF for the pigs that received the kiwifruit-containing diets were calculated as follows:
where the SDF, IDF, or TDF concentration (g/kg DM) were determined in the ileal digesta or feces of the pigs that received the kiwifruitcontaining diets by using the method of Prosky et al. (3) . T D and T F/I were the titanium dioxide concentrations (g/kg DM) in the diet and in the feces or ileal digesta, respectively. It was assumed that the IM present when Prosky fractions (SDF, IDF, and TDF) were determined in the ileal digesta and feces collected from pigs fed a fiber-free diet, was of endogenous (i.e., body) or bacterial origin. The ileal and fecal flows of IM present when the Prosky fractionation method was applied to ileal digesta and feces collected from pigs fed the fiber-free diet were calculated as follows: where the IM concentration (g/kg DM) was the IM determined as the SDF, IDF, and TDF fractions after fractionation of the ileal digesta or feces of the pigs that received the fiber-free diet by using the method of Prosky et al. (3) . The ileal and fecal flows of organic matter (OM) and IM present when the SDF and IDF method was applied to the crude microbial and mucin fractions obtained from the ileal digesta and feces of pigs fed the fiber-free diet were calculated as follows:
where T PF/PI were the titanium dioxide concentrations (g/kg DM) in the pooled feces or ileal digesta, respectively. Determined ileal and total tract digestibility of SDF, IDF, and TDF was calculated as follows:
Determined digestibilityð%Þ ¼ h Diet ðSDF=IDF=TDFÞ 2Total flow ðSDF=IDF=TDFÞ i.
Diet ðSDF=IDF=TDFÞ 3100 ð4Þ
Ileal and total tract fiber digestibility values corrected for the IM (i.e., corrected values) were determined. Corrected ileal and total tract digestibility values for SDF, IDF, and TDF were calculated as follows:
Corrected digestibilityð%Þ ¼ Statistical analyses were performed with SAS (version 9.3; SAS Institute Inc.). A 2-independent samples t test procedure was performed to determine the effect of the preintake of different concentrations of dietary KFF (25 and 50 g/kg DM) on the flow of IM in the IDF, SDF, and TDF fractions. The same procedure was used to determine the effect of dietary KFF concentration on the determined and corrected ileal and total tract digestibility of KFF and to compare the approaches used to determine digestibility (determined and corrected) for each fiber fraction at the ileal and fecal level for each kiwifruit diet. A paired t test procedure was performed to determine whether the magnitude of the flow of IM differed between the ileal digesta and feces. The normal distribution for both t tests was evaluated with the Univariate procedure of SAS. When the variances were unequal, the P value reported was obtained with the Satterthwaite separate variance t test.
Results
Effect of DF concentration on the ileal and fecal flows of the KFF fractions and their determined digestibility. The total ileal and fecal flows of IDF, SDF, and TDF were higher for pigs fed the diet that contained 50 g/kg DM of DF compared with the pigs fed the diet that contained 25 g/kg DM (160% to 230% higher) (P < 0.001) ( Table 2 ). The determined ileal digestibility of the SDF, IDF, and TDF fractions and the determined total tract digestibility of the SDF fraction were not influenced by the concentration of DF (P > 0.05) ( Table 3) . In contrast, the determined total tract digestibility of the IDF and TDF fractions was higher for the pigs fed the diet that contained the lowest dietary KFF (i.e., 25 g/kg DM) (P < 0.05). Low and sometimes negative fiber digestibility values were observed for the kiwifruit-containing diets.
Effect of DF concentration on the ileal and fecal flows of IM. The concentration of KFF in the diets that the pigs received before being fed the fiber-free diet influenced the ileal and fecal flows of the IM present in the IDF and TDF fractions (P < 0.01) ( Table 2 ). The latter ileal and fecal flows of IM present in both the IDF and TDF fractions were higher for the pigs previously fed the diet that contained 50 g/kg DM of DF than for the pigs previously fed the diet that contained 25 g/kg DM. No effect of dietary KFF concentration was found on the flow of IM present in the SDF fraction at the ileal or fecal level (P > 0.05). Because the KFF concentration of the diets consumed by the pigs during the adaptation period influenced the ileal and fecal flows of IM when pigs were fed the fiber-free diet, the comparison between ileal and fecal IM flows was conducted for each dietary KFF concentration treatment group separately (i.e., n = 7). The fecal flow of IM present in the IDF and TDF fractions was higher (515% and 249% higher, respectively, across diets) than the equivalent flows in the ileal digesta (P < 0.001) ( Table 2 ). In contrast, the ileal flow of IM present in the SDF fraction was higher (4.6-fold across diets) than its fecal counterpart (P < 0.001).
The ileal and fecal flows of IM present in the SDF, IDF, and TDF fractions, when expressed as a percentage of the total ileal and fecal flows of SDF, IDF, and TDF for pigs that received the kiwifruit diets, were considerable and different for the 2 fiber concentrations (e.g., the fecal flow of IM present in the IDF fraction represented 100% and 79% of the total fecal flow of IDF when pigs were fed the diets that contained 25 and 50 g TDF/kg DM, respectively), and was also different between intestinal site (e.g., the flows of IM present in the IDF fraction when pigs were fed the low KFF diet represented 12% and 100% of the total IDF flow at the ileal or fecal level, respectively) ( Table 2) .
Identification of the main sources of IM in ileal digesta and feces. Some of the components that contributed to the IM in ileal digesta and feces were identified. With the use of fractionation techniques, the crude microbial and crude mucin fractions (likely to be the main source of IM) were isolated and quantified. The crude microbial fraction contributed 38.6% and 94.4% of the OM in the ileal digesta and feces, respectively, collected from the pigs during the fiber-free period (data not shown). Moreover, the crude mucin fraction contributed 16.5% and 1.7% of the OM in the ileal digesta and feces, respectively. At the ileal level, crude mucin was the main source of IM in the SDF fraction, comprising 60-73% of the IM in the SDF fraction with the crude microbial fraction comprising 22-36% of the IM ( Table 4) . In contrast, the crude microbial fraction accounted for essentially all of the IM in the IDF fraction of both the ileal digesta and feces.
Effect of IM on the determination of fiber digestibility (determined vs. corrected) for diets containing different fiber concentrations. The ileal and fecal flows of IM present in the SDF, IDF, and TDF Prosky fractions when the pigs were given the fiber-free diet were used to correct the determined 3 The t test for the flow of ileal IM present in the total dietary fiber fraction had unequal variance (1.10 and 2.56 for the diet that contained 25 and 50 g/kg DM KFF, respectively); therefore, the P value reported was obtained with the Satterthwaite separate variance t test. 4 The t test for the flow of ileal IM present in the insoluble dietary fiber fraction had unequal variance (0.25 and 0.86 for the diet that contained 25 and 50 g/kg DM KFF, respectively); therefore, the P value reported was obtained with the Satterthwaite separate variance t test. 1 Values are means and pooled SEMs, n = 7. *,***Different from corresponding determined digestibility means: *P , 0.05, ***P , 0.001. DM, dry matter; KFF, kiwifruit fiber. 2 KFF was present in the diet in the form of whole freshly peeled and crushed green kiwifruit. 3 Determined ileal and total tract fiber digestibility was corrected for the interfering material present when the Prosky method was applied to ileal digesta samples collected from pigs fed a fiber-free diet, to estimate corrected ileal fiber digestibility. The flows of interfering material used to calculate the corrected digestibility values for the diets that contained either 25 or 50 g/kg DM KFF are presented in Table 2 .
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digestibility values for both kiwifruit-containing diets. Corrected ileal SDF and TDF digestibility were higher (P < 0.05) than determined ileal SDF and TDF digestibility, but determined and corrected ileal digestibility for IDF were similar (P > 0.1) ( Table 3 ). The corrected total tract digestibility of SDF, IDF, and TDF were also higher than their determined counterparts (P < 0.001), and the latter trends were observed for both DF concentrations.
The concentration of fiber in the kiwifruit-containing diets had no effect on the corrected ileal digestibilities of kiwifruit SDF, IDF, or TDF (P > 0.2) ( Table 3) . At the fecal level, the corrected digestibilities of kiwifruit IDF and TDF were lower when pigs received the diet that contained the highest amount of KFF (P < 0.05), whereas the corrected digestibility of kiwifruit SDF was not influenced by DF concentration (P > 0.4).
Discussion
The Prosky method (3) was developed for determining TDF and its fractions (IDF and SDF) in foods. However, it is also used to determine fiber fractions in digesta and feces to determine fiber digestibility. The Prosky method is a gravimetric method and involves sequentially digesting samples with a-amylase, protease, and amyloglucosidase to remove any protein and starch present in defatted samples. The resulting residue after filtration constitutes the IDF fraction, and the supernatant fluid, which is then precipitated with ethanol and filtered, constitutes the SDF fraction. Both filtered fractions are washed with alcohol and acetone to remove residual lipids and digested protein and starch. Finally, the samples are corrected for the presence of any residual crude protein and ash. Intestinal digesta and feces contain large amounts of glycoproteins (e.g., mucins), microbes, and sloughed epithelial cells, all of nondietary origin and all of which are likely to be at least partially resistant to digestion by the protease and amyloglucosidase enzymes used in the Prosky method. Although the protein in the SDF and IDF fractions is subtracted from the total weight of the fractions, it is conceivable that the oligosaccharides present in mucins (29) and bacterial cell walls (41, 42) are co-fractionated with, and measured as, either the SDF or IDF.
In the currently reported study, when the Prosky method was applied to the ileal digesta and feces of pigs given a fiber-free diet, considerable amounts of IM were found. In addition, low and sometimes negative fiber digestibility coefficients were found for the fiber-containing diets. When correction for the IM was made, the negative digestibility values largely disappeared. The corrected digestibility values are more tenable physiologically and led to a completely different interpretation of the upper-and lower-tract digestibility of the DF. That the corrected and determined fiber digestibility values can vary so greatly is an important finding and merits further investigation in a study with varying types of DF and methods for determining the fiber fractions in addition to the Prosky method. Similar effects of IM on determined digestibilities are expected if other analytic methods to determine fiber are used (e.g., Van Soest and monomeric methods).
Quantifying and identifying the IM present in ileal digesta and feces. When the Prosky method was applied to ileal digesta and feces collected from pigs fed a fiber-free diet, all of the Prosky fractions (SDI, IDF, and TDF) showed IM to be present, which was assumed to be largely of endogenous and bacterial origin. It is unlikely that starch, which was the major component (61%) of the fiber-free diet, contributed to the IM because the starch in the fiber-free diet was almost completely digested and absorbed (apparent ileal starch digestibility was 99.5%; data not shown), and any residual undigested starch present in the ileal digesta or feces would be expected to be digested during the a-amylase and amyloglucosidase digestion as part of the fiber determination method (3). The dietary protein, casein, is also highly digestible.
When the Prosky method was applied to crude mucin from ileal digesta and a commercial mucin from porcine stomach (Sigma-Aldrich M1778), 31% and 43% of the total mucin was found to be present in the SDF fraction, respectively. Mucin was not detected in the IDF fraction. Crude mucin was the main component (60-73%) of IM in the SDF fraction of ileal digesta, with microbial material contributing 22-36%. In comparison, for feces the IM in the SDF fraction largely comprised microbial material. The IM in the IDF fraction appeared to be exclusively material of microbial origin for both the ileal digesta and feces. In general, the amounts of IM present in the SDF, IDF, and TDF fractions of the ileal digesta and feces collected from the pigs fed the fiber-free diet were higher for the pigs that previously received the diet that contained the highest fiber concentration. These higher flows of IM for this group of pigs were mainly ascribed to their higher ileal mucin flow and ileal and fecal flow of crude microbial fraction (e.g., the ileal mucin flow was 130% higher for the pigs adapted to the highest amount of fiber) as a result of adaption of the gastrointestinal tract to a higher DF concentration. Previous studies have also demonstrated that DF concentration can influence the ileal flow of endogenous protein (43) (44) (45) of which mucins are an important contributor (25) and the daily fecal nitrogen output (46) .
Determination of DF digestibility values corrected for IM present in ileal digesta and feces. The IM flows, determined on the basis of the method of Prosky et al. (3) , were used to correct the determined apparent fiber (SDF, IDF, and TDF) digestibility values to corrected values. At the ileal level, determined digestibility greatly underestimated the corrected digestibility of SDF (44-54% unit underestimation) but not IDF. In contrast at the fecal level, determined digestibility underestimated the corrected ileal digestibility of both SDF and IDF, but the degree of underestimation was much greater for IDF (78% unit underestimation). A similar trend was observed at both DF concentrations.
No effect of DF concentration was found on the corrected ileal digestibility of SDF or IDF. However, at the fecal level, the diet that contained the highest DF concentration had lower corrected digestibilities of IDF and TDF, but the digestibility of SDF was unaffected.
Given that the amount and type of microbes in the gastrointestinal tract and mucin production are influenced by the consumption of DF, it was deemed important to adapt the test pigs to the diets that contained the test fiber source (kiwifruit) before providing the fiber-free diet. The pigs were adapted to the kiwifruit-based diets for 44 d before receiving the fiber-free diet for 7 d with measurements being made after 5 d. The 44-d period was assumed to be a sufficient adaptation period (6) . It can be argued that after 7 d of alimentation with the fiber-free diet the pigÕs gastrointestinal microbiota may not completely reflect that present when the pigs were receiving the kiwifruit-based diets. However, the 5-d period was necessary to ensure that any fiber consumed during the adaptation period had completely transited the gastrointestinal tract before the fecal samples were taken (12) . The corrected ileal IDF digestibility remained negative for the diet that contained 50 g/kg DM of KFF (29.2%), which may reflect errors in determination or adaptational changes to the fiber-free diet. These aspects merit further investigation, along with a more detailed investigation of the composition of the IM. Previous studies have shown that some monomeric sugars are exclusive to the nondietary material (e.g., fucose, N-acetylgalactosamine in a crude mucin fraction) (18, 27) , and these could potentially be used as internal markers to correct monomeric sugar digestibility.
On the basis of the corrected digestibility values for the kiwifruit diets it would appear that kiwifruit SDF is digested to a considerable degree in the upper digestive tract. Furthermore, of the undigested SDF entering the hindgut, almost all of it was digested in the hindgut, leading to the almost complete disappearance of SDF from kiwifruit by the end of the digestive tract. In contrast, little digestion of IDF from kiwifruit occurred in the upper digestive tract, but digestion of IDF in the hindgut was extensive, leading to complete digestion of IDF for the diet that contained 25 g/kg DM of KFF and 79% digestibility for the diet that contained 50 g/kg DM of KFF. The latter finding is important because, if only determined, rather than corrected, values are considered, IDF from kiwifruit would be predicted to be poorly fermented in the gastrointestinal tract and therefore of little nutritional value.
In conclusion, there was a quantitatively large amount of IM present when the Prosky method (SDF, IDF, and TDF fractions) was applied in both ileal digesta and feces collected from pigs given a fiber-free diet. In the ileal digesta, the IM in the SDF fraction mainly comprised crude mucin, whereas material of microbial origin was the main source of IM in the IDF fraction in both the ileal digesta and feces. When the determined fiber digestibility of a kiwifruit-containing diet was corrected for this IM, observed negative digestibility values, which are untenable physiologically, largely disappeared. Furthermore, determined digestibility markedly underestimated the corrected digestibility of SDF at the ileal level and that of IDF over the entire gastrointestinal tract; therefore, it is important that the correction for IM be made when determining the digestibility of DF.
